The thermochemical system using ammonia as energy storage carrier is investigated in this study. A mathematical model was developed to predict the behavior of both reactors in the ammonia-based closed-loop system. For the importance of the dissociation and formation process in the system, the model focused only on the solar and the synthesis reactors. The study shows that maintaining the best mass flow rate is important for achieving the maximum ammonia dissociation and formation processes and as a result the maximum thermal output. Operating the reactors at higher pressure than suggested increases the formation of ammonia at the synthesis; however, it lowers the thermal output of the system.
Background
One of the major obstacles of utilizing solar energy is storing that energy when it is not needed to be used in the absence of the sun. The thermochemical concept seems to offer an attractive solution to this problem. Thermochemical conversion of solar energy into chemical fuels offers an efficient path for long-term storage and long-range transport of solar energy (Steinfeld and Meiers 2004) .
A unique concept of storing solar energy thermochemically was investigated at the Australia National University (ANU) theoretically and experimentally. Figure 1 shows a schematic of ammonia dissociation, storage, and synthesis system. In this concept, the ammonia is used as a heat transfer fluid at the solar receiver side and as a product at the synthesis reactor side, and the steam required for electricity generation can be produced from the heat recovery process at the synthesis.
As shown in the figure, the reactants pass through endothermic and exothermic reactors, where the dissociation and the formation of the ammonia take place, respectively. In between the reactors, there is a storage container (vessel) , and the vessel is attached to counterflow heat exchangers between ingoing and outgoing reactors. The ammonia is dissociated and formed according to the reversible reaction.
The ammonia had been studied as energy carrier in CSP technologies only in the last two decades; therefore, few papers were published in this topic. In 1995 Luzzi concluded that dish-based solar thermal systems, which incorporate the ammonia-based closed-loop thermochemical energy storage and transport technology, are technically viable using commercially available system components (Luzzi and Lovegrove 1995) . In 1998 Kreetz carried out an exergy analysis of a semi-realistic 30-MPa isobaric system, and his exergy analysis revealed that the major irreversibilities occur within the exothermic reactor and the counterflow heat exchanger between ingoing and outgoing reactors (Kreetz and Lovegrove 2002) . In 2003 Lovegrove completed an experimental solar-driven ammonia-based closed-loop thermochemical energy storage system, and the system used a cavity receiver containing 20 reactor tubes filled with iron-based catalyst material. Lovegrove concluded that ammonia dissociation receiver/reactors are well suited for operation through solar transients and ammonia synthesis heat
Open Access *Correspondence: rabdiwe@ite.tuwien.ac.at Institute for Energy Systems and Thermodynamics, Vienna University of Technology, Getreidemarkt 9, 1060 Vienna, Austria recovery reactors are capable of stable, predictable operation with heat recovery at temperatures suitable for highquality superheated steam production. However, using such system in large-scale power plants might be a challenging not only from the design point of view but also from the parameters that ensure the maximum possible efficiency. Therefore, the optimal parameters such as mass flow rate and pressure of the whole system are of great interest.
In this paper, a mathematical model was developed for solar and synthesis reactors to predict the behavior of the reaction process inside both reactors with respect to the mass flow rate and the constant pressure. It should be mentioned that the ammonia dissociation and formation processes may contain several numbers of reactors; however, the model is designed for one tubular solar reactor and one tubular synthesis reactor.
Physical model
The ammonia is dissociated endothermically by absorbing the solar energy at the solar reactor in the cavity receiver during the daytime to hydrogen and nitrogen according to Eq. (1); the hot reactants will pass through the reactor's catalyst bed toward the vessel after exchanging their thermal energy in a counterflow heat exchanger with the liquid ammonia. The temperature inside the vessel is above the ambient temperature saturation pressure of ammonia, and therefore, the ammonia will be condensed in the bottom of the vessel and the nitrogen and hydrogen stay at the top. The nitrogen and hydrogen mixture leave the vessel and react exothermically at standard ammonia synthesis to produce ammonia providing thermal energy for superheated steam production.
As the case in the dissociation loop, the reactants in the formation loop must be heated up at a counterflow heat exchanger with the formed ammonia before them getting to the synthesis. The system works at a constant pressure, and therefore, an expander and a compressor are added to the vessel to control and regulate the pressure. In order for the reaction to occur during the dissociation and the formation stages, packed bed reactors are used with standard commercial catalyst material.
The geometry of the cavity receiver is assumed to have a cylindrical shape with a little base in the bottom to hold a bundle of solar reactors organized in a way that allows equal distribution of the solar flux between them. Figure 2 shows a schematic design of the cavity receiver with a bundle of solar reactors attached to it.
The solar and synthesis reactors are both assumed to be tubular geometry type. Figure 3 shows a longitudinal cut of both reactors. The tubular reactor is filled up with a catalyst to allow the reaction process to occur. The physical parameters of the cavity receiver, ammonia solar reactor, ammonia synthesis reactor, and the catalyst bed are provided in Table 1 .
The standard commercial catalyst material used as a backed bed in both reactors is iron-cobalt catalyst. Table 2 shows the properties of the catalyst.
Knowing the geometries of the cavity receiver, the heat flux on solar reactor can be calculated as shown in the equation below.
(2)
In the synthesis case, the heat recovery process that is necessary to produce steam to generate electricity can be calculated thanks to the mature industry in producing ammonia.
Numerical model
For any simple combustion, where the number of possible species in the one exhaust stream matches the number of elements involved, the mass and energy balances allow predictive simulation behavior. However, in a general chemical reactor additional information is required to predict the behavior of the reaction process and this information can be provided by functional equations. Typical examples for such equations are: pressure drop prescription, definitions of separation efficiencies, conversion rates, etc. These equations express the second law of thermodynamics taking into consideration that heat will always flow from the hot to the cold side and chemical reactions always proceed toward an equilibrium state (with respect to temperature, pressure, and composition). Several steps must be taking to implement equilibrium models such as the solar and synthesis reactors. Due to the similarity in both reactors, only the steps for the solar reactor will be explained as follows:
• Defining a control volume on the reactor
The control volume of the solar reactor is simple with one feed stream and one drain stream as shown in (Fig. 4) . Both gas streams can be modeled as ideal gases.
The feed stream ideally consists of ammonia only, and the syngas product contains three species: nitrogen N 2 , hydrogen H 2 , and ammonia NH 3 .
(6) q = Q rad, cavity A ab Fig. 3 A skittish of the tubular a solar reactor geometry and b synthesis reactor geometry Particle density, kg/l 2.5
Filling density, kg/l 1.6
Activation energy 95E+03 (J mol)
Pre exponential factor 1E−2 (mol/s cm 3 atm)
• Summary of output variables attributed to determining equations
The output variables that are necessary for determining equations of the solar reactor are illustrated in Table 3 .
• Modeling equations
The modeling equations can be illustrated as shown below:
• Pressure drop 
• Ammonia dissociation equilibrium K P is a function of temperature only and can be calculated from Gibbs free enthalpy of reaction according to:
R is the Gibbs free enthalpy of standard pressure (1 bar) and can be calculated from the conventional enthalpies and entropies of the participating species:
Therefore, equilibrium can be calculated directly from thermodynamic data.
• Calculating strategy
In principle, the six output variables listed in step 2 together with equations in step 3 represent a fully determined system of algebraic, nonlinear equations. To solve such a system, a numerical method must be applied (MATLAB). When solving the model, a good starting guess is required to obtain a solution and care must be taken to prevent any Y i,drain to get below zero at any time.
As mentioned previously, the same steps must be carried out for the synthesis reactor taking into consideration that the reactants in the solar reactor are the products in the synthesis reactor and vice versa. The system is assumed to work under steady-state operation, and the heat loss is considered to be zero. The values of the running parameters are given in Table 4 . 
Results
The behavior of both reactors under steady-state operation has been predicted with the previously mentioned numerical model. An important input for the model is the heat flux distributed on the solar reactor inside the cavity which has been derived based on the geometry of the cavity receiver. The model confirmed the technical feasibility of the design concept of both reactors regardless of the simplicity which can be considered as advantage. Figure 5 shows modeled internal reactor temperature profiles plus the corresponding reaction extent profiles for three different mass flow rates in the solar reactor. The horizontal axis shows the position along the catalyst bed as measured from the point of gas inlet. With lower mass flow rate value represented in (a), the maximum reaction rate is achieved leading to the higher internal temperature along the bed. This behavior reflects the effect of the mass flow on the dissociation process. In general terms, lower mass flow works to increase reaction rates while higher mass flow works to reduce them. Thus, maximum thermal output will be achieved by keeping the mass flow rate as low as possible and care must be taken to prevent the overheating that might occur when all the ammonia is dissociated.
In the case of the synthesis and as shown in Fig. 6 , the behavior reflects the effect of mass flow rates on the heat recovery process. Lower mass flow rate works to increase the ammonia produced; however, reduces the thermal output as shown in the figures above. This means that as more ammonia is produced along the length of the reactor, temperatures need to fall to maintain the necessary 'distance' from equilibrium.
The initial increase in pressure has no impact on the reaction rate in the case of the solar reactor as shown in Fig. 7a-c . When the pressure increased from 50 to 70 bar, there was very much no change on the corresponding reaction extent profiles. The opposite can be said in the case of the synthesis reactor where the increase in the pressure leads to the increase in the reaction rate and more ammonia produced as shown in Fig. 8a-c . However, as mentioned previously more ammonia produced leads to the lower thermal output.
The results of Figs. 5, 6, 7, and 8 were based on an assumption that the gas inlet temperature was always 250 °C in both reactors. Even though the gas inlet temperature is another variable for getting maximum reaction rate and effective dissociation and formation of ammonia, it has been found to be of only minor influence.
Conclusions
The developed mathematical model of the tubular ammonia solar reactor and ammonia synthesis reactor represents an important step for improving the performance of ammonia solar reactor and ammonia synthesis reactor which results to an optimal design of the ammonia-based closed-loop system. The study shows that maintaining the best mass flow rate is important for achieving the maximum ammonia dissociation and formation processes and as a result the maximum thermal output of the system. The model indicates that the increase in gas inlet temperature has a minor influence on the efficiency of both reactors; furthermore, operating the system at higher pressure than suggested for maximum ammonia production at the synthesis lowers the thermal output of the system. List of symbols Q rad,cavity : irradiance on the cavity receiver (W); ε eff : effective emissivity; A ap : receiver's aperture area (m 2 ); E: infrared energy (W); σ: Stefan-Boltzmann constant; T ab : absorbed temperature (°C); T ∞ : ambient temperature (°C); ε: emissivity; A ab : receiver's absorbed area (m 2 ); q: heat flux per unit (W/m 2 ); K P : ammonia dissociation equilibrium (bar); R: universal gas constant (J/mol K);
G o R : Gibbs free enthalpy (kJ/mol); ν i : stoichiometric coefficients of the reactants and products; H * i : conventional enthalpy of the participating species (kJ/ mol); S i : entropy of the participating species (J/mol K).
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